INTRODUCTION
Activity-dependent reflex plasticity, the dynamic regulation of reflex strength by ongoing neural activities, is a fundamental component of normal CNS functions.
Long-term potentiation (LTP), a form of well-known activity-dependent reflex potentiation in synaptic responses that occurs in the CA1 area of the hippocampus, is considered the base for some forms of learning and memory (Martinez and Derrick, 1996) . In the hippocampal CA1 region, LTP is induced by brief tetanic stimulation of afferent glutamatergic fibers and is typically dependent on activation of postsynaptic N-methyl-D -aspartate (NMDA) receptors (Bliss and Collingridge, 1993) .
A key-initiating event in LTP induction is the activation of Ca 2+ /Camodulin protein kinase II (CaMKII, Fukunaga et al., 1996; Malenka and Nicoll, 1999; Kennedy, 2000; Soderling and Derkach, 2000) . An increase in the intracellular Ca 2+ concentration, partly by the influx through NMDA receptor channels, activates calmodulin, which in turn triggers the activation of CaMKII, causing it to bind to the post-synaptic density. It is a well-known fact that nitric oxide (NO) stimulates soluble guanylyl cyclase, and in turn, produces intracellular cGMP and subsequently activates the protein kinase G (PKG)
to induced activity-dependent reflex potentiation (Snyder et al., 1998) . Brenman and Bredt reported that NO can be activated by CaMKII (Brenman and Bredt, 1997) .
Several investigators revealed that NO plays a role in LTP as indicated by experiments
showing that LTP is eliminated or significantly reduced by inhibitors of NO synthetase (Böhme et al., 1991; O'Dell et al., 1991; Haley et al., 1993; Doyle et al., 1996) .
Not only has activity-dependent reflex plasticity been found in the brain, but also in other areas including the spinal cord Sandkuhler, 1995, 1997; Woolf, 1983;  Page 3 of 32 4 Woolf and Salter, 2000) . C-fiber-evoked spinal LTP characterized by a potentiation on an evoked potential in the spinal dorsal horn (Ji et al., 1999 (Ji et al., , 2002 Karim et al., 2001 , Jin, 2003 , Kawasaki et al., 2004 and spinal central sensitization, the enhancement of responsiveness to nociceptive afferent fibers following injury or inflammation (Woolf, 1983 (Woolf, , 1991 (Woolf, , 2007 , have both been thought to be involved in post-inflammatory hypergesia and tactile allodynia. In our laboratory, we have recently discovered that low frequency repetitive stimulations may elicit activity-dependent spinal reflex potentiation (SRP, Lin 2003 Lin , 2004 Lin et al., 2006) . By using pharmacological manipulations, we established that induction of SRP shares a similar glutamatergic NMDA receptor-dependent mechanism with spinal LTP and central sensitization (Chen GD et al., 2007; Chen KC et al., 2006 , 2007 Liao et al., 2007a, b) . However, whether the CaMKII-dependent intracellular NO/sGC/PKG cascade is involved in SRP is not fully known so far. The central role of the intracellular CaMK/NO/sGC/PKG cascade in the control of synaptic efficacy also needs to be further investigated.
We hypothesize that intracellular Ca 2+ /CaMKII is involved in the activity-dependent SRP. The activation of Ca 2+ /CaMKII stimulates NOS to produce NO and, in turn, results in the activation of sGC to induce cGMP and, therefore, activates PKG to induce activity-dependent SRP. We tested this hypothesis and examined the effects of pharmacological agents involved in this pathway on the physiological properties of SRP.
The aims of the present study, therefore, were to determine: 1. Whether the intracellular Ca 2+ /CaMKII is involved in the activity-dependent SRP, and 2. If the answer is yes, whether the stimulatory effect of Ca 2+ /CaMKII on intracellular NO, sGC and PKG participates in the mechanisms of SRP induction.
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MATERIAL AND METHODS
Animal Preparations
Adult Wistar rats weighing 200 to 300 g were anesthetized with an intraperitoneal injection of urethane (1.2 g/kg). Animal care and experimental protocol were in accordance with the guidelines of the National Science Council of Taiwan (NSC 1997).
All efforts were made to minimize both animal suffering and the number of animals used 
Electromyogram activity
The oligo-unit recording technique was used in this study to record electromyogram activity. Epoxy-coated copper wire (50 µm; M.T. Giken Co., Tokyo, Japan) electromyogram electrodes were placed in the external urethra sphincter. This was performed using a 30-gauge needle with a hooked electromyogram electrode positioned at the tip. The needle was inserted into the sphincter approximately 1 to 2 mm lateral to the urethra and then was withdrawn, leaving the electromyogram wires embedded in the muscle. reflex activity by directly counting the firing frequency rather than integrating the area under the curve after the raw activity had been rectified, a method that is commonly used in the field activity recording technique.
Drugs
The following drugs (all purchased from Sigma-RBI, Natick, MA, USA) were used in this study: calmodulin kinase inhibitor, autocamtide 2-related inhibitory peptide (AIP; 100 µM, 10 µl); the substrate of NO synthetase, L-arginine (50 mg/ml, 10 µl); the NOS inhibitor, N G -nitro-L-arginine-methyl ester (L-NAME; 100 µM, 10 µl); selective soluble guanylate cyclase (sGC) activator, N G -nitro-D-arginine-methyl ester (D-NAME; 100 µM, 10 µl); an inactive isoform to L-NAME, Protoporphyrin IX (PPIX; 100 µM, 10 µl),
µl), and cell permeable cGMP analogue, 8-bromoguanosine-3',5'-cyclic monophosphate (8-Br-cGMP; 100 µM, 10 µl, Biolog Life Sciences, La Jolla, California). All drugs were dissolved in artificial cerebrospinal fluid (NaCl, 118 mM; KCl, 3 mM; NaHCO 3 , 25 mM; NaH 2 PO 4 , 1.2 mM; MgCl 2 , 1 mM; CaCl 2 , 1.5 mM; glucose, 10 mM; pH=7.4). The solution of identical volume to tested agents was dispensed to serve as the vehicle. At the end of the experiment, the location of the injection site was marked by an injection of Alcian blue (2 %, 3 µl). The volume of drug injection into the spinal cord using this method has been reported to spread 0.2 to 0.5 mm from the site of injection (Chen GD et al., 2007; Chen KJ et al., 2006 , 2007 . Therefore, a cannula positioned more than 0.2 mm from the intended site of injection was not included in the statistical analysis.
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The schematic arrangement of the EUSE recording as well as the pelvic afferent nerve fiber stimulation is shown in Figure 1A . Once the electrodes' positions were optimized, recording of the reflex activity was started. An electric current of square wave pulse with a pulse duration of 0.1 ms was applied from a stimulator (Grass S88, Cleveland, OH, U.S.A.) through a stimulus isolation unit (Grass SIU5B, Cleveland, OH, U.S.A.) and a constant current unit (Grass CCU1A, Cleveland, OH, U.S.A.) was applied to the afferent nerve by the stimulating electrodes. The protocol for assessing the effects of electrical stimulation and different kinds of reagents on the reflex activity was as follows. 1. Test stimulation (TS): Electric shocks at fixed suprathreshold strengths (10 to 15 V) were repeated at intervals of 30 seconds (test stimulation; TS). This frequency of stimulation was used to sample data for 10 minutes because it did not result in response facilitation. An electric intensity of stimulation that caused a single spike action potential in the reflex activity was used to standardize the baseline reflex activity.
Repetitive stimulation (RS):
After the baseline reflex activity had been established by the test stimulation, a repetitive stimulation at 1 Hz for 10 minutes (repetitive stimulation, RS) with an electric intensity identical to the test stimulation was applied to induce SRP.
3. Agents test: After an equilibrium period (10 min), tested agents were injected via the intrathecal catheter and then the repetitive stimulation was used once again to induce SRP.
The excitability of the reflex activity was assessed by recording the numbers of action potentials in the electromyogram under test stimulation or repetitive stimulation with or without intrathecal application of the tested agents. 
RESULTS
Baseline reflex activity and spinal reflex potentiation
The reflex excitability was assayed by recording the action potentials in the external urethra sphincter electromyogram (EUSE) activities resulting from the pelvic afferent nerve stimulations with electrical shocks of pulses. Initial experiments were performed in an attempt to reproduce results showing that test stimulation evoked a baseline reflex activity, while repetitive stimulation produced reflex potentiation (Lin 2003 (Lin , 2004 . The upper tracing in Figure 1B demonstrates the recording showing that a baseline reflex activity with single action potentials was elicited by the test stimulation (TS, 1/30 Hz for 10 min). The mean reflex time for the afferent nerve stimulations to evoke an action potential in the electromyogram was 55.48±2.45 ms. The summarized data in Figure 1C shows that the reflex activity evoked by the test stimulation varied little over the stimulating period. On the contrary, as shown in the lower tracing of Figure 1B , a longer-lasting reflex potentiation was induced by the repetitive stimulation (RS, 1 Hz, for 10 min) with the identical intensity to the test stimulation during the stimulation period. The summarized data in Figure 1C shows that the evoked activity gradually 
NOS inhibitor
The involvement of NOS in repetitive stimulation induced reflex potentiation was further investigated. We injected L-NAME, an NOS inhibitor, and D-NAME, an inactive isoform, before a repetitive stimulation-induced reflex potentiation had been established. Pretreatment of D-NAME exhibited no effect on the evoked activity (data not shown), while L-NAME blocked the repetitive stimulation-induced spinal reflex potentiation ( Figure 3A , RS+NAME). It was anticipated that stimulating NO would activate the sGC, which would lead to an increase in the endogenous cellular messenger, cGMP. We then tested this hypothesis by intrathecally applying the sGC activator, PPIX, after the repetitive stimulation-induced reflex potentiation had been abolished by pretreated L-NAME. As shown in the lower tracing in Figure 3A , PPIX reversed the abolition of repetitive stimulation-induced reflex potentiation caused by pretreated L-NAME (RS+NAME+PPIX). Figure 3B summarizes the mean spike numbers in the reflex activity counted 10 minutes following stimulation onset. The spike numbers decreased significantly in repetitive stimulation with pretreated L-NAME (RS+NAME, ## p<0.01, n=7) compared with repetitive stimulation alone (RS). In addition, the blocking effect on the spinal reflex potentiation elicited by L-NAME was reversed by PPIX (RS+L-NAME+PPIX, ++ p<0.01, n=13). It is widely accepted that glutamatergic NMDA-receptor dependent neural transmission underlies activity-dependent reflex plasticity (Smith and McMahon, 2005) .
Stimulation of the NMDA receptor has been shown to mobilize internal calcium (Ca  2+ ) stores and, therefore, regulates signaling pathways downstream of the elevation in intracellular Ca 2+ (Yoshimura et al., 2001; Gao and Goldman-Rakic, 2005) . Among the intracellular molecules shown to play a critical role in reflex plasticity mechanisms is the enzyme Ca 2+ / CaMKII (Hudmon and Schulman, 2002) . This protein is highly enriched in postsynaptic densities, and numerous observations indicate that it contributes to the increase in synaptic efficacy (Fukunaga et al., 1993; Lledo et al., 1995; Wang and Kelly, 1995; Barria et al., 1997; Giese et al., 1998; Lisman et al., 2002) . Several recent studies have provided plausible mechanisms by which CaMKII could enhance synaptic transmission and account for LTP (Lisman et al., 2002; Song and Huganir, 2003) .
Through the machinery responsible for the recycling of receptors, CaMKII, together with other kinases, probably regulates the number and function of receptors expressed at postsynaptic densities (Barria et al., 1997; Shi et al., 1999; Poncer et al., 2002; Song and 
Role of NO in spinal reflex potentiation
In addition to regulating receptor cycling, CaMKII may activate NOS signaling leading NO synthesis (Sattler, R. et al., 1999) . The investigation of LTP using NO synthase inhibitors, NO scavengers, or NO synthase gene deletion to reflect the loss of an NO signaling pathway within neurons has shown an impaired LTP .
On the other hand, an exogenous NO substrate generated a long-term potentiation in hippocampal slices in a guinea pig (Zhuo et al., 1993 (Zhuo et al., , 1994b ) and a rat (Malen and Chapman, 1997) . Similar to these studies, our results showed that repetitive stimulation-induced SRP was completely blocked by the NO synthase inhibitor, L-NAME. On the other hand, in this in vivo study, the inhibition caused by the CaMKII blocker on SRP could be relieved by adding a relative excess of NO synthase substrate.
These results provide the authentic molecule support for our proposal that the NO release, which is downstream from the CaMK, was responsible for SRP.
Role of sGC in spinal reflex potentiation
The intracellular pathway for the signal transudation of the gaseous messenger NO, in most forms of synaptic plasticity, is through sGC activation, leading to cGMP accumulation (Garthwaite and Boulton, 1995; Daniel et al., 1998; Hawkins et al., 1998; Centonze et al., 1999) . In the present in vivo experiments, we demonstrated that the sGC antagonist ODQ abolished the SRP induced by the repetitive stimulation. This result correlates with previous studies investigating LTP using hippocampus slices (Zhuo , 1994a,b; Selig et al., 1996; Son et al., 1998) . In addition, intrathecal PPIX, a selective sGC activator, reversed the blocking effect caused by L-NAME indicating that NO may mediate the repetitive stimulation-induced SRP through sGC activation.
Furthermore, in this study, a bolus of 8-Br-cGMP reversed the blocking effect elicited by ODQ. This result is consistent with previous studies that have demonstrated continuous perfusion with a cGMP analog overcomes the effect of NO synthase inhibition in hippocampal LTP (Haley et al., 1992) . All these results implicate a sGC/cGMP/PKG-dependent mechanism engaged by NO-mediated repetitive stimulation-induced SRP.
There is direct evidence from hippocampal cultures that NO can potentiate synaptic transmission through a presynaptic mechanism involving cGMP and cGMP-dependent protein kinase (Snydr et al., 1998; Arancio et al., 2001) . At the same time, data from hippocampal slices indicates that NO can act postsynaptically to potentiate neurotransmission (Ko and Kelly, 1999) and that its involvement in late LTP is mediated by cGMP-dependent activation of the transcription factor cAMP response element-binding protein (CREB) in postsynaptic neurons . Also pertinent to a postsynaptic site of action, in situ hybridization suggests that the dominant subtype of the sGC expressed in the hippocampal pyramidal neurons is the 2 1 isoform (Gibb and Garthwaite, 2001) , and this isoform associates with the postsynaptic density-95 protein (Russwurm et al., 2001) , providing the substrate necessary for NO to act postsynaptically through cGMP. Bon and Garthwaite (2003) investigated the role of NO on the LTP in hippocampal slices and suggested a presynaptic action may be responsible for an acute enhancement of synaptic efficacy caused by NO. Furthermore, However, the detailed spinal mechanism needs further investigation using an intracellular recording technique to be elucidated, as our in vivo study was limited by the multiple unit recording technique.
In the present study, the repetitive stimulation-induced SRP was characterized by a similar NO-dependent sGC/cGMP/PKG mechanism with LTP in the CA1 area of the hippocampus, indicating a mechanistic link between the repetitive stimulation-induced SRP and the hippocampal LTP (Lin, 2004) . This assumption is in accordance with a report which shows that the strength of primary afferent transmission might potentiate following tetanic peripheral inputs (Randic et al., 1993) . However, LTP can last for several hours or even longer (Martin & Humphrey, 1994; Richter-Levin et al., 1994) , while the firing in the electromyogram in the present study usually lasted less than one second. In addition, the multiple fiber recording technique used in this study was a limitation, so further investigation of the synaptic efficacy on dorsal horn neurons with the spinal cord is needed in order to discover whether this enhancement is mediated by an "LTP-like" synaptic transmission or not. On the other hand, a progressive increase in firing was noted during the early stage of the repetitive stimulation onset; therefore, the SRP presented in this study may be related to the windup phenomenon. However, the repetitive stimulation-induced SRP lasted for less than 10 minutes after the cessation of (Woolf 1991; 1996) ; therefore, the underlying mechanism and the physiological/pathological relevance of the repetitive stimulation-induced SRP need further investigation.
PERSPECTIVES AND SIGNIFICANCE
Neural plasticity including LTP and central sensitization are commonly considered relevant to post-inflammatory hypergesia and tactile allodynia formation Sandkuhler, 1995, 1997; Ji et al., 1999 Ji et al., , 2002 Karim et al., 2001 , Jin, 2003 , Kawasaki et al., 2004 . A histological study investigating LTP in the spinal cord has demonstrated that NO synthesis is essential for induction of spinal LTP (Ikeda et al., 2006) . Furthermore, electrophysiological studies of LTP induced by nociceptive C-fibers suggests the involvement of NO production in the spinal cord is caused by NOS activation as well as the participation of the downstream signal, cGMP, (Zhang et al., 2006) in the spinal LTP (Zhang et al., 2005) . If so, and should NO be necessary for some types of neural plasticity mediating nociception processing at the spinal cord level, disruption of the NO signaling pathway should be one of the key strategies that offers a gateway to alleviate neuropathic and inflammatory pain. stimulation with pretreated L-NAME (RS+NAME, ## p<0.01 to RS, n=7) compared with repetitive stimulation alone (RS). Whereas PPIX reversed the blocking effect elicited by L-NAME (RS+L-NAME+PPIX, ++ p<0.01 to RS+NAME, n=13). 
